Velocity sedimentation studies of RNA of Sarcophaqa bullata show that the major rRNA species have sedimentation values of 26S and 18S. Analysis of the rRNA under denaturing conditions indicates that there is a hidden break centrally located in the 26S rRNA species. Saturation hybridization studies using total genomic DNA and rRNA show that 0.08% of the nuclear DNA is occupied by rRNA coding sequences and that the average repetition frequency of these coding sequences is approximately 144. The arrangement of the rRNA genes and their spacer sequences on long strands of purified rDNA was determined by the examination of the structure of rRNA:DNA hybrids in the electron microscope. Long DNA strands contain several gene sets (18S + 26S) with one repeat unit containing the following sequences in the order given: (a) An 18S gene of length 2.12 kb, (b) an internal transcribed spacer of length 2.01 kb, which contains a short sequence that may code for a 5.8S rRNA, (c) A 26S gene of length 4.06 kb which, in 20% of the cases, contains an intron with an average length of 5.62 kb, and (d) an external spacer of average length 9.23 kb.
INTRODUCTION
The DNA sequences coding for the major ribosomal RNA species (18S and 28S) in several eucaryotes (3, 4, 5, 6, 7, 8, 9, 10, 11) have been found to be repeated 50-500 fold per haploid equivalent of DNA and are clustered in the nucleolar organizer region(s) of the chromosomes. These clustered arrays of rRNA coding sequences are composed of numerous individual repeated units, each of which contains an 18S gene region, an adjacent small transcribed spacer sequence, which may contain a 5.8S coding sequence, and a 28S gene region, followed by an external non-transcribed spacer sequence. The sequential organization of these repeated units have been found to exist in two different structural arrangements. In the protists, Tetrah.ymena (12) , Physarum (13) , and Dictyostelium (14) , the repeat units are arranged in a head-to-head palindromic array, while in Xenopus (15) , Drosophila (7), Sciara (11) , and Leishmania (16) , the repeat units are present in a head-to-tail tandem array. We report here our studies on the number, size and sequence arrangement of the rRNA genes in a close relative of Drosophila and Call iphora, Sarcophaga bullata. The arrangement of ribosomai cistrons was studied by first enriching for double stranded DNA containing the rRNA genes from _S. bullata DNA by application of the avidin-biotin method of gene enrichment (25) . The arrangement of rRNA coding sequences in the enriched nuclear DNA was determined by use of the T4 gene 32-ethidium bromide technique (26) and electron microscopic analysis. We have found that the organization and lengths of the rDNA gene sequences are similar to that in 1). melanogaster, and that j>. bul lata contains an intron in at least 20% of the 26S rRNA coding sequences.
MATERIALS AND METHODS
Preparation of DNA. High molecular weight DNA from Sarcophaga bullata (purchased from Carolina Biological Supply) was extracted from a crude nuclear pellet prepared from organisms 24-36 hours after puparium formation (25, 27) . The DNA was further purified by centrifugation to equilibrium in a neutral cesium chloride buoyant density gradient.
Preparation of rRNA. Monosomes were isolated from late third instar larvae by a modification (28) of the procedure of Jackson et_ _al_. (29) . The rRNA was then extracted by the standard SDS-phenol/chloroform methods, and fractionated by velocity sedimentation through a 5-20% sucrose gradient. Following this procedure, the individual RNAs were pelleted through a 6M CsCl cushion (30) . The purified RNAs were analyzed on polyacrylamide gels and stored at -70°C.
Coupling of rRNA and cytochrome c-biotin. Modification of Sarcophaga bullata rRNA with cytochrome j:-biotin was done exactly as described by Following R-loop formation, the reaction mixture was dialyzed for 2 hrs at 4°C against 100 volumes of 1.0 M NaCl, 0.02 M sodium borate (pH 8.0) and 0.005 M EDTA. 200 pi of avidin spheres (25, 27) at 20 mg/ml in 1.0 M NaCl, 0.001 M EDTA, were added and the dialysis continued for 2 hr at 4°C. This solution was then added slowly, with gentle mixing, to a solution of cesium chloride in 0.005 M EDTA (pH 8.0) to give a final volume of 5.0 ml and a density of 1.45 g/cc. The mixture was centrifuged at 35,000 rpm for 48 hrs at 15°C in a Spinco SW50.1 rotor and the gradient was fractionated into 0.5 ml aliquots. The DNA pellet was resuspended in SSC. The DNA present in each of the aliquots, as well as the pellet, was assayed for rDNA sequences as described below.
rRNA:rDNA hybridization and preparation for the electron microscope. rRNA:rDNA hybrids were prepared for electron microscope mapping studies as follows: 20 pi of enriched double strand rDNA (6 pg/ml) was denatured by addition of 5 pi of 1.0 U NaOH, after 30' at 25°C the mixture was neutralized on ice by addition of 2.0 M Hepes acid. To the denatured rDNA, 10 pi of rRNA (2.48 mg/ml) was added and the mixture was incubated for 20' at 65°C. The mixture was then dialyzed for 2 hr at 4°C against 0.01 M sodium phosphate (pH 7.4), 0.00W EDTA, and the rRNA:rDNA hybrids were prepared for examination in the electron microscope by use of the T4 gene-32 protein spreading technique (26) . Both double stranded and single stranded 0X174 DNA were used as molecular length internal standards.
Preparation and hybridization of Jlil-labeled rRNA. 125 1-labeled rRNA was used to assay the amount of rDNA coding sequences in the CsCl enrichment gradient fractions. 125j_-| a beled rRNA was prepared exactly as described by Commerford (32) . Following the iodination procedure, labeled RNA was purified by Sephadex G-100 column chromatography followed by sec-butanol extraction of the unincorporated 125j. Specific a c t i v i t i e s obtained ranged from 3.0 -6.0 x 10? cpm/pg. Hybridization was performed by reacting a 60-fold mass excess of purified 125i_i a b e i e c | r RN/\ with total nuclear DNA or DNA from the CsCl gradient fractions. High salt reactions were conducted in 0.75 M NaCl, 0.0025 M PIPES (pH 6.8), low salt reactions were conducted in 0.18 M NaCl, 0.0025 M PIPES (pH 6.8), and both reactions were incubated at 65°C. Hybridized samples were resuspended in 1.0 ml of 1 X SSC and treated with 50 pg/ml RNase at 25°C for 30 minutes. 10 pi aliquots were removed before digestion to measure input radioactivity. RNase-resistant hybrids were TCA precipitated and collected on GFC f i l t e r s (Whatman), washed, dried and counted in a toluene-based s c i n t i l l a t i n g cocktail (4 gram omniscint/1iter).
Molecular weight determinations of rRNA. Sarcophaga rRNA was analyzed by electrophoresis on non-denaturing 2.4% polyacrylamide gels as described by Loening (33) . After electrophoresis, the gels were scanned using a Gilford gel scanning accessory on a Beckman DU spectrophotometer. rRNA was also analyzed by electrophoresis on 1.2% agarose gels containing 10 mM methylmercury hydroxide as described by Bailey and Davidson (34) . After electrophoresis, the gels were soaked in 50 mM 8-mercaptoethanol for 20 min, stained in EtBr (1 iig/ml) for 30 min and visualized using a UV transilluminator. The molecular weights of the rRNA species were determined from plots of RNA electrophoretic mobility (in arbitrary units) versus the logarithm of molecular weight (33) . RNAs utilized as molecular weight standards were £ . col i 16S rRNA (0.56 X 10 6 daltons), HeLa 18S rRNA (0.70 X 10 6 daltons) and HeLa 28S rRNA (1.75 X 10 6 daltons) (33) . The molecular weights of the Sarcophaga rRNAs were then converted to S°2o w values using the equation of Spirin (35) .
RESULTS
Analysis of S. bullata rRNA by velocity sedimentation and gel electrophoresis. The size of the major RNAs in Sarcophaga was determined by both cosedimentation of Sarcophaga rRNA in a 5-20% linear sucrose gradient witĥ H-uridine labeled 26S and 18S JD. melanogaster rRNA as internal standards (Fig. 1A) ; and polyacrylamide gel electrophoresis using HeLa 28S and 18S rRNAs as external standards (data not shown). (33) , and are in agreement with the results of the velocity sedimentation analysis which indicates that the two major rRNA species in S^. bullata have sedimentation coefficients similar to those observed for J5. melanoqaster. Also, from the measurements of RNA:DNA-hybrid regions (see below), we estimate values of 2.12 +^0.14 and 4.06 + 0.32 kb for the lengths of the Sarcophaga 18S and 26S genes, respectively. Since these values are in reasonable agreement with those obtained by the electrophoretic and sedimentation analysis, we take the molecular lengths of the 18S and 26S rRNA of _S. buliata to be 2.12 and 4.06 kb, respectively.
Following heat denaturation at 60°C for 15 minutes, or denaturation by methylmercury hydroxide (34) , the 26S rRNA is converted into two molecular weight species. In methylmercury hydroxide gels these two species migrate at 18.7S and 17.4S, respectively (Fig. IB) . The size of these two 26S fragments are similar to those previously reported for denatured 26S rRNA in ])• melanogaster (36, 37) , suggesting the presence of a hidden break in the JS. bullata 26S rRNA.
Number of rRNA coding sequences. The fraction of nuclear DNA homologous to rRNA was determined by rRNA/DNA saturation hybridization experiments. As shown in Fig. 2 , the rRNA hybridizes at saturation with 0.08% of the nuclear DNA. Using a nuclear genome size of 5.48 X 10 8 nucleotide pairs (38) , and taking the sum of the molecular lengths of 26S and 18S rRNA to be 6.2 kb, the rRNA gene set (26S and 18S) is repeated 144 times in the Sarcophaga genome.
Enrichment of rONA. The rRNA coding sequences in ^. bullata were enriched by forming rDNA:rRNA R-loop hybrids with cytochrome ^-b i o t i n modified rRNA. The hybrid molecules were then p a r t i a l l y purified from the remaining nuclear DNA by reaction with avidin spheres and buoyant banding in a neutral CsCl density gradient.
The amount of enrichment attained by this procedure was determined by solution hybridization of DNA from the various CsCl gradient fractions with 125i_i a 5 e i ec j r RNA an( j ^n e results are summarized in Figure 3 . The DNA from the pellet of the enrichment gradient (depleted fraction) saturates at 0.018%, approximately a four-fold reduction in sequences as compared to the saturation value obtained for unfractionated nuclear DNA (0.06% and The internal spacer and 5.8S gene. The short spacer region separating the 18S and 26S genes consistently contains a short duplex region as shown in the inset in the electron micrograph in Fig. 5 . I t is assumed that this RNA:DNA hybridized region contains a rRNA gene similar to the 5.8S gene which has been characterized by Jordan £t _al_. (40) in Drosophila. Consistent with this observation, Spiers and Birnstiel (39) show that in Xenopus the 5.8S rRNA gene occurs in the transcribed spacer between the 18S and 28S genes. Since both the position and size of the small duplex region observed in Sarcophaga rDNA are l i k e that found in Xenopus and Drosophila rDNA, we presume that the RNA:DNA hybrid region is due to the presence of a gene which codes for an RNA molecule similar to the 5. ^. bullata than J) . melanoqaster, and with this reduction, a disproportionate decrease in the number of 26S genes which contain introns is observed. Consistent with these observations is that by Renkowitz et a!. on Sciara (11). They have found that this dipteran has only 45 rRNA genes of which less than 10% contain introns (Renkawitz-Pohl, Matsumoto, and Gerbi. Personal communication). These numerical coincidences invite the speculation that not only are the 26S genes which contain introns non-functional, but also that there is a relationship between decreasing rDNA gene number and the percentage of 26S genes which contain introns. This raises the possibility that, at least in the Diptera, a finite number of rDNA gene sets is essential, and as this number is approached, those gene sets having introns are selectively lost.
